Grid-connected photovoltaic systems with energy storage, also called PV hybrid mini-grid system (PVHMS), operate in both grid-tied and stand-alone modes and are expected to play an important role in distributed generation. Transformerless photovoltaic converters are most preferred for these systems due to their higher conversion efficiency in comparison to insulated converters, increasing autonomy of the battery energy storage system (BESS). Safety in transformerless photovoltaic converters is a critical issue due to parasitic capacitance between PV modules and ground that could result in high leakage current. Existing safety requirements for grid-tied PV inverters may not be sufficient for PVHMS converters since they have multiple leakage current paths. This study analyzes some leakagecurrent-related faults on transformerless PVHMS converters, and proposes relay opening sequences to avoid unnecessary interruptions of power supply for the local loads. The following situations are analyzed: i) fault at dc side, ii) fault at ac load side, and iii) commutation between on-grid and off-grid operation modes. These faults have been studied for a transformerless PVHMS converter with a single dc-ac stage. Experimental results are presented to validate the proposed schemes and a table summarizing the proposals is presented.
I. INTRODUCTION
Transformerless bidirectional photovoltaic converters (TPVC) for PV hybrid-mini grid system (PVHMS) [1] , [2] , have become a trending topic in the last years [3] - [7] . The TPVC integrates photovoltaic (PV) array, battery energy storage system (BESS) and the power grid, and may operate as off-grid inverter, grid-tied inverter or grid rectifier. Due to these operation modes, a TPVC can be understood as the union of grid-tied inverter and uninterruptible power supply (UPS) [8] - [10] .
Manuscript received 01/03/2019; first revision 30/04/2019; accepted for publication 03/07/2019, by recommendation of Editor Marcello Mezaroba. http://dx.doi.org/10.18618/REP.2019. 3.0015 Safety requirements of a PV system are highly dependent on the inverter topology, as stated in IEC 62109-2. Transformerless grid-tied PV inverters may have high common-mode leakage current circulating between PV array and grid due to the parasitic capacitance between PV terminals and ground [11] - [15] , which depends on the PV array size, module technology, soiling and humidity [16] . Many transformerless inverter topologies and modulation techniques have been studied to minimize this leakage current [9] , [17] - [24] , but protection against residual current is always required by IEC 62109-2 as a preventive measure against fire and shock hazards independently of the topology. When the normal leakage current is lower than 30 mA rms, the protection may be performed by the application of B-type Residual Current Devices (RCDs), which detects dc and ac currents. However, in some topologies or for high power converters, the normal leakage current may be much higher than the usual 30 mA rms limit. In these cases, a Residual Current Monitoring Unit (RCMU) with higher continuous residual current limit (≥ 300 mA rms) is used for protection. In this case, electric shocks are detected when the residual current suddenly increases by more than 30 mA rms [25] .
During on-grid operation TPVCs have the same residual current protection issues of grid-tied PV inverters, but they are more intricate due to all possible current paths, like the PV array, BESS, different loads, and power grid. For instance, during off-grid mode, the load neutral can be isolated from the ground or connected with high impedance (IT system), or strongly connected to the ground (TN system), as stated in the German standard VDE-AR-E 2510-2 [26] . This changes the leakage current behavior in off-grid operation. Another issue of TPVCs is the parasitic capacitance between battery terminals and ground [27] , which is usually lower than the PV parasitic capacitances, but may compromise the residual current protection of TPVC for residential systems.
Due to the different possible configurations, analyzing leakage current faults in TPVC-based systems becomes a tough task. As shown in [28] , several techniques to detect and localize the fault location have been proposed in literature. A comprehensive study of this theme provides technical basis for the development and enhancement of safety standards, as shown in [29] , acting procedures in case of faults, as well as design guidelines to the industry.
However, after an extensive search in the IEEE, Elsevier and Orbit databases the authors found that the literature only describes the trivial solution to comply with the standards, that is to disconnect all TPVC relays when residual current is detected, turning off the converter.
This manuscript proposes a relay opening sequences for TPVC to keep power supply for loads without compromising the residual current protection. It is proposed an algorithm which considers the location where residual current is detected. The main contribution is to demonstrate that is possible to improve system's availability to supply the loads making TPVC operating in off-grid mode as an IT system. Since neutral grounding is required only for special loads [26] , [30] , the operation in IT system is not a restriction for most applications. The technique proposed in this paper is executed in the firmware of the converter requiring no additional sensors or switches. Despite being simple, the proposed technique presents advantages in comparison with the trivial solution: i) the fault is detected and isolated without compromising safety; ii) increases reliability of load power supply without increasing hardware cost.
The paper is organized as follows: First, the system is described. Then, the following ground faults are analyzed: i) fault on dc-side in on-grid operation; ii) faults on the ac load side in off-grid operation; and iii) false fault detections when usual RCMUs are used, when the relays should not be opened. Finally, relay opening sequences are proposed for these situations and summarized in a table.
II. SYSTEM DESCRIPTION
Assessment of leakage current faults in TPVC-based systems is dependent on the TPVC configurations and topology. In this study, the analyses and discussions of safety issues related to residual current have been performed considering the topology presented in Figure 1 . The characteristics (Table II ) and a picture (Figure 7 .) of the TPVC built are shown in the Appendix. The analyzed TPVC is comprised of a single-phase full-bridge dc-ac converter and two non-isolated dc-dc converters. This topology has been chosen because it is simple, covers most of practical applications and its analysis can be extended to other configurations.
In the topology depicted in Figure 1 , the load is connected to the output of the dc-ac converter and the grid is connected to the same node through a bipolar mechanical switch, named here as SB, which opens during grid outages. The dcac converter may operate as inverter or rectifier depending on the desirable power flow. It is comprised of an H-bridge and 3rd order LCL filters which mitigate the high-frequency content of differential and common mode currents [19] . During on-grid operation, the load neutral conductor N' is connected to the grounded grid neutral conductor N and the dc-ac converter is current-controlled. Otherwise, during offgrid operation, N' is floating as an IT system and the dc-ac converter is voltage-controlled.
A bidirectional dc-dc converter interfaces the battery and the dc bus. For the PV generator, a conventional step-up converter has been employed. More details about the operation of these dc-dc converters can be found in [31] , [32] .
III. STRATEGY TO EXTEND OPERATION AFTER A GROUND FAULT AT DC SIDE
When a dc side fault occurs in an usual transformerless grid-tied PV inverter, usually the residual current increases and the inverter shall disconnect all current-carrying conductors from the grid [33] . The same procedure can be followed when a fault occurs at the dc side of a TPVC. However, a TPVC offers additional features, and the load may continue being supplied in off-grid mode without compromising the residual current protection. Figure 2 (a) shows the schematics of a TPVC-based system during a ground fault at the PV array. Ground faults at the PV terminals are more common than those at the battery terminals because the PV array is continuously exposed to the outdoor environment, which is less controllable than the battery environment. A fault at the battery side would have similar results, so it is not demonstrated here. The dc side ground fault has been simulated using the Human Body Model (HBM) [34] , [35] in order to limit the maximum current and emulate a touch current. If a sudden increase of icmA or icmB is detected during on-grid operation, this means that a fault at the dc side has occurred. Figure  2 (a), where the load supply voltage is given by vgL. The system initially operates in on-grid mode. At t1, a ground fault at the PV side occurs, and the rms value of the common mode current suddenly increases from 40 mA rms to 120 mA rms. The grid is then disconnected at t2 and the residual current is eliminated. The PV array is also disconnected, and the load continues being supplied (vgL) by the BESS power without compromising the residual current protection.
The following troubleshooting procedures are proposed when a fault is detected during grid-tied operation: 1) Main protection: switch off the grid (SB), then the PV array (SPV).
After switching off SB, the residual current is probably eliminated. It is also recommended to switch off the poles of the PV array supposing that most dc faults may happen at the PV side due to ambient exposure. The load continues being supplied by the BESS and the fault is probably isolated from the other parts of the system. In case the dc fault is not at the PV side, this procedure does not isolate the fault. This possibility can be verified by detecting the ground insulation resistance at the battery connection terminals, whose requirements are specified in IEC 62109-2.
2) Back-up protection: switch off the remaining switches and it indicates a fault.
In case the residual current persists, this means the fault has not occurred at the PV side or the system has another problem. Therefore, it is recommended to turn the TPVC off and open all system relays. Main and back-up protections must be done within the maximum RCMU operation time.
It is important to notice that, if a dc fault is caused at the battery side, the battery can be disconnected after the grid disconnection, and the load could be theoretically supplied by the PV generator. However, the PV generator usually provides intermittent power, so it is not possible to rely on PV power to supply the loads. Thus, after assuring battery disconnection by measuring insulation resistance, the grid could be reconnected to supply the load.
Ground faults at the dc side may also occur during offgrid operation. This fault may be detected as an increment of currents icmA or icmC if the loads have high parasitic capacitance to ground, or by measuring the insulation resistance to ground. In this case, it is recommended to disconnect the PV system (SPV) as main protection and disconnect other switches as back-up protection if the residual current persists. Moreover, if residual current is below the protection limits but the insulation resistance is below the minimum required in IEC 62109-2, the TPVC shall not connect to the grid. In all cases, the fault must be signaled.
IV. STRATEGY TO AVOID FALSE RESIDUAL CURRENT FAULT DETECTIONS DURING OPERATION MODE COMMUTATIONS
Leakage current path is closed during on-grid operation and opened when off-grid. False residual current fault detections may occur if the residual current suddenly increases by more than 30 mA during transfers between offgrid and grid-tied operation modes. RCMUs that comply with IEC 62109-2 would disconnect from the grid and indicate a fault whenever a sudden residual current increase higher than 30 mA rms occurs. For TPVC-based systems, a fast transfer from off-grid to grid-tied operation may suddenly increase the measured residual current by more than 30 mA rms, so this normal situation would be wrongly identified as a fault.
A modified RCMU rule shall be used for proper system functioning. The residual current monitoring shall consider the sudden changes of residual current as inherent to the grid connection or disconnection process, and not a fault. One possible solution is to disable the residual current protection when the TPVC is connecting to the grid, during the closure of switch SB.
Experimental results showing the TPVC connection/disconnection to/from the grid are shown in Figure 3 (a) and Figure 3(b) . The connection to the grid occurs at instant t1, when switch SB is closed. In this moment, the rms leakage current icm,rms suddenly increases from zero to above 30 mA rms, where icm,rms can be detected at A or B of Figure 1 . If a usual RCMU were used, the system would detect a fault and immediately disconnect from the grid. However, this sudden increase shall be considered a normal event, and not a fault. In the experimental result of Figure 3 , the residual current protection was disabled, so connection occurred correctly.
In Figure 3(a) , when the TPVC begins to disconnect from the grid at instant t2, the output current ige is set to zero, but the leakage current is still around 40 mA rms. At instant t3, the TPVC is completely disconnected from the grid and the leakage current instantly becomes zero. A usual RCMU would not consider this as a fault, because the leakage current reduces instead of increasing, so it is not necessary to disable the RCMU protection during grid disconnection.
It´s important to notice that, if the TPVC works as a TN system when off-grid, a relay would connect N' to the ground soon after complete grid disconnection. The same way as the connection to the grid, this would cause a sudden residual current change and should be detected as a false residual current detection.
V. STRATEGY TO EXTEND OPERATION AFTER A GROUND FAULT AT THE LOAD SIDE
Ground faults at the load side may happen during on-grid and off-grid operation. When the TPVC shown in Figure 1 is connected to the grid, a ground fault at the ac load can be detected measuring suddenly changes in currents icmB and icmC. In this case, it is recommended to disconnect SB and start off-grid operation as main protection. If the residual current persists, the other switches can be disconnected as back-up protection During off-grid operation, the ac load side operates as an IT system because there is no neutral grounding. However, due to the ground fault at load side, the residual current through the parasitic capacitance of the PV array may be higher than the safety limit of 30 mA rms. Therefore, a protection against residual current at the load side is mandatory even when the TPVC operates off-grid.
One first solution to protect against residual current during off-grid operation is to install a 30 mA RCD at the ac load output. Figure 4(a) shows the schematics of this possibility. Figure 4(b) and Figure 4(c) shows experimental results using a 30 mA rms RCD. At instant t1, a short-circuit from the load neutral (N') to ground (G) was emulated by closing an external switch, the residual current measured at point A suddenly increased to about 40 mA rms. As long as a usual RCD was installed, this RCD opens at instant t2, interrupting both the fault and the load power supply.
The proposed solution is not to use a usual RCD, but to monitor the current at icmC (or icmA) and open the PV switch, avoiding unnecessary load power supply interruption. If the leakage current is detected at icmC or icmA during off-grid operation, the following relay opening sequence is proposed: 1) Main protection: switch off the PV array (SPV) Considering that most of detected residual current comes from the PV array, the PV array can be initially disconnected to avoid premature load disconnection.
2) Back-up protection: turn off the remaining switches.
In case the residual current persists, this means most of residual current does not come from the PV array or the system has another problem. Therefore, it is necessary to disconnect the loads and then all system relays. Experimental results have been performed to demonstrate the proposed solution. A fault between load neutral and ground during off-grid operation was emulated using a switch closed at instant t1, as shown in the schematic of Figure 5(a) . The neutral voltage to ground and load voltage are shown in Figure 5(b) , and the residual current is shown in Figure 5(c) . After the fault is applied at instant t1, the rms residual current value rises above 30 mA rms. The main protection is applied at instant t2 by disconnecting the PV array. As long as the residual current is due to the PV parasitic capacitance, the residual current is eliminated after this disconnection. Therefore, the load continues being supplied by the BESS, as indicated by load voltage vgL. After the fault is detected, it is necessary to indicate the fault to the user, as required in IEC 62109-2. The interval between the ground fault (t1) and the disconnection of the PV array (t2) is around 40 ms, which is lower than the maximum allowed time considered in IEC 62109-2 (150 ms for 60 mA rms). Table I summarizes the proposed strategies. Depending on the operation mode and the place where residual current is detected, different relay operation sequences are adopted as shown in the flow chart of Figure 6 . These sequences have been chosen to avoid load disconnection whenever possible. It is important to notice that the main and back-up protection shall act within the intervals presented in IEC 62109-2 to ensure compliance to safety standards.
VI. SUMMARY OF PROPOSED STRATEGIES
It is also important to note that the dc side fault (Case 2) and load side fault with low Clk (Case 4b) both in off-grid mode cannot be detected by residual current detection, but by low ground insulation resistance (Riso). During normal offgrid operation, Riso shall be high because the system is isolated from the ground. However, this resistance becomes low when any fault to ground occurs. Load side fault in offgrid mode cannot be detected by residual current detection if Clk is low, but only by low insulation resistance (Riso). During normal off-grid operation, Riso shall be high because the system is isolated from the ground. However, this resistance becomes low when any fault to ground occurs.
VII. CONCLUSION
This study proposes relay opening sequences for some ground faults of TPVC in PVHMS in order to avoid unnecessary load disconnection, maintaining the UPS functionality. Experimental results have been presented to illustrate these proposals. It has been shown that load can be continuously supplied by the BESS after ground faults at the PV side or even at the load side by disconnecting only the grid and/or the PV generator. It has been also demonstrated that normal transfer from off-grid to on-grid operation mode can cause false residual current fault detection. It is also demonstrated that the simplest solution to avoid the false detection is to ignore this protection during a short period before and after the connection of the converter to the grid. It´s important to note that although the power of the prototype used to test the concepts is 1500 W, inverter power is not a limitation to the applicability of the techniques proposed in this paper.
The importance of this study is to provide new procedures and design guidelines for TPVC which improve their performance without harming user safety. Further studies in this field can consider other topologies of TPVC systems and the presence of galvanic isolation between PV generator, BESS, load and grid. ³ After disconnecting SB, the system starts off-grid operation. 4 Assuming that load parasitic capacitances are insignificant. 5 High Clk means that the nominal leakage current of (1) is higher than 30 mArms, while low Clk means a lower leakage current. Table II shows the parameters of the prototype implemented to obtain the experimental results, as shown in Figure 1 . This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior -Brasil (CAPES) -Finance Code 001
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